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Abstract
A non-invasive technique for real-time continuous monitoring of blood glucose has been under
development by Venkatarman’s research group in the ETA lab at RIT [16]-[18]. The methodology
involves placing an antenna on the arm and monitoring changes in the resonant frequency, which
is attributed to changes in the blood glucose level. This is because the blood’s permittivity depends
on the glucose levels, and in turn, affects the antenna’s resonant frequency. In order to correlate
the antenna’s resonant frequency shift with the real-time blood glucose change, glucose estimation
was also modeled using the antenna’s input impedance. The antennas designed could successfully
track the rise and fall of blood glucose using the glucose estimation model for both diabetic and
non-diabetic patients.
However, the antennas being used in this research are too large in size and not flexible.
Additionally, the antenna’s radiation pattern was omnidirectional as it is a monopole antenna
where the radiation is into the arm as well as away from the arm (back radiation). As a result,
during the test procedure, the arm must be in a steady position throughout the time of the resonant
frequency measurement. While it worked very well to prove the feasibility of continuous glucose
monitoring, a better antenna is required for the next phase of research that involves clinical testing
in a hospital environment.
My goal in this thesis is to take the research further by designing antennas that are unidirectional,
flexible and small in size. The unidirectional property can be achieved by using PEC (Perfect
Electric Conductors) or PMC (Perfect Magnetic Conductors) over the antenna that can suppress
the back radiation. Unlike the presence of infinite electric charges on an electric conductor,
magnetic charges don’t exist. Therefore magnetic conductors are modeled artificially to achieve
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magnetic properties commonly known as Artificial Magnetic Conductors (AMC). The antenna
used in this thesis is a monopole antenna with AMC as a ground plane. The advantage of using
AMC over a perfect metal conductor as a ground plane to the antenna is that the AMC reflects the
incident wave in phase and not out of phase like a regular metal conductor. Moreover, AMC layers
not only suppresses the back radiation but also enhances the gain of the antenna into the arm. Using
the AMC layer as the ground plane has also helped in miniaturizing the antenna. The different
artificial magnetic conductors designed in this thesis are Rectangular Patch, Rectangular Ring, Ishaped, and Jerusalem Cross. The antennas were fabricated and tested in the unlicensed ISM band
(2.4GHz – 2.5GHz) and are within the SAR standards laid out by FCC.
The fabricated antenna was strapped to the arm and measurements of resonant frequency similar
to those made previously were conducted with respect to time [16]-[18]. Two types of
measurements were compared, that is, when the arm was held steady and when the arm had some
movement. No significant change or fluctuations in the resonant frequency was observed with arm
movement. Whereas the same type of measurements conducted on the monopole antenna in [18]
showed significant fluctuations in the resonant frequency with arm movement. This experiment
shows the significant advantage of the antenna with AMC layer as compared to the monopole
antenna. Also demonstrated in the present work, is the ability of the designed antenna in tracking
the increase and decrease of glucose level with changes in the resonant frequency, similar to [16].
This has been demonstrated with two non-diabetic subjects. Further, no back radiation was noted,
when a hand above the setup is moved. Additionally, the effect of creeping waves was negligible.
The antenna designed in this work will conform well to clinical studies of the ETA Lab research.
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1.

Introduction

1.1. Diabetes and need for CGM
Diabetes was first documented by the Egyptians and is characterized by weight loss and polyuria.
However, it was the Greek physician Aertaeus who coined the term diabetes mellitus (DM). In
Greek, diabetes means "to pass through" and mellitus is the Latin word for honey (referring to
sweetness). Diabetes is an important cause of prolonged ill health and premature mortality, and
claims more lives per year than HIV-AIDS with nearly 1 death every 10 seconds [1].

All types of diabetes mellitus have something in common. Normally, our body breaks down the
sugars and carbohydrates we eat into special sugar called Glucose. Glucose fuels the cells in our
body. On the other hand, the cells need insulin, a hormone, in our blood stream in order to take in
glucose and use it for energy. With diabetes mellitus, either our body does not produce enough
insulin, or it cannot use the insulin that it produces, or a combination of both. Since the cells cannot
take in the glucose, it builds up in one’s blood. High levels of blood glucose can damage tiny blood
vessels in our kidneys, heart, eyes or nervous system. Therefore, if diabetes is left untreated, it will
eventually lead to heart disease, stroke, kidney dysfunction, blindness and nerve damage [2],[3].

Normally, for healthy adults, the blood glucose level lies between 80-120mg/dl and should be less
than 140mg/dl after a meal. However, patients with diabetes experience much higher blood glucose
levels if not controlled. Glucose level can be measured using conventional monitoring systems for
home use which require a drop of blood to be applied onto a test strip which is than inserted into
the measurement device for a reading [4]. There are certain things that everyone who has diabetes,
1

whether type 1 or type 2, needs to do to be healthy. They need to have a meal (eating) plan. They
need to pay attention to how much physical activity they engage in, because physical activity can
help the body use insulin better so it can convert glucose into energy for cells. Everyone with type
1 diabetes, and some people with type 2 diabetes, also need to take insulin injections. Some people
with type 2 diabetes take pills called "oral agents" which help their bodies produce more insulin
and/or use the insulin it is producing better. Some people with type 2 diabetes can manage their
disease without medication by appropriate meal planning and adequate physical activity [5].

Most of the diabetic patients get routine checkup at least once every six months by a diabetes
specialist (an endocrinologist or a diabetologist). He or she should also be seen periodically by
other members of a diabetes treatment team, including a diabetes nurse educator, and a dietitian
who will help develop a meal plan for the individual. Ideally, one should also see an exercise
physiologist for help in developing a physical activity plan, and, perhaps, a social worker,
psychologist or other mental health professional for help with the stresses and challenges of living
with a chronic disease. Everyone who has diabetes should have regular eye exams (once a year)
by an ophthalmologist to make sure that any eye problems associated with diabetes are caught
early and treated before they become serious [5].

Wearable biosensors are smart electronic devices that can be worn on the body as implants or
accessories. Recent advances in microelectronics, telecommunications, and sensor manufacturing
have opened up possibilities for using wearable biosensors to continuously monitor an individual’s
body status without interrupting or limiting the user’s motions [6]–[13]. However, while many
commercially available wearable electronics can track users’ physical activities, devices that can
provide an insightful view of user’s health status at the molecular level need more development.
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On the other hand, although some commercial hand-held analyzers enable glucose or lactate
detection, most of these devices rely on blood samples [14]. Neither finger-prick nor invasive
sensors (such as a needle embedded under the skin) are desired for wearable biomedical
applications.

The main purpose of developing a non-invasive glucose measuring device is to make strict
glycemic control more achievable for all diabetic patients. Assisting patients to properly dose their
insulin or otherwise maintain their blood glucose levels will significantly lower the medical
complication rate associated with diabetes and reduce the overall healthcare costs rooted in
diabetes. The top three reasons cited from a patient survey monitor blood glucose less frequently
than recommended: testing my blood sugar as often as recommended would be expensive, painful,
and unpleasant [15]. Hence this thesis focuses on designing microstrip antennas to help monitor
blood glucose that will enhance the ongoing research [16]–[18].

1.2. Blood Glucose Monitoring Methods
1.2.1. Single reading self-monitoring blood glucose devices (minimally invasive)
Self-monitoring blood glucose (SMBG) device is the glucose meter
that is most widely accepted and universally used and it is the
standard of SMBG for the American Diabetes Association (ADA)
[19]. The glucose meter has undergone much improvement since its
release in 1970 including miniaturization, disposable sensors, smaller
Figure 1-1 Conventional
sampling volume, and shorter measuring time [20], [21]. Despite how
SMBG device
far these devices have come, device accuracy remains an issue [22] and there is a large disconnect
3

between commercial product and academic research [23]. Glucose meters typically operate via
blood sampling. Patients sample capillary blood by using a lancet to prick their fingers and then
apply a drop of blood to the sensor of the device [19]. The two primary methods of glucose
quantification in most SMBG devices use electrochemistry or photometry to measure the oxidation
of glucose through either glucose dehydrogenase or glucose oxidase [24]. Typical patients may
have to measure their blood glucose levels three or more times a day, though blood glucose sample
frequency will vary between individuals [25].

1.2.2. Continuous blood glucose monitoring (minimally invasive)
Continuous glucose monitoring (CGM), where a device monitors fluctuations of blood glucose in
near real time, may be an achievable method of alleviating high glucose measurement frequency
of some patients. Unfortunately, CGM systems are unavoidably at least minimally invasive. They
range from implantable devices, which are fully invasive, to trans-dermal, which can be minimally
invasive [22]. Additionally, CGM devices cannot entirely rid the patient of SMBG finger pricks
as most of these devices will intermittently require calibration with a SMBG device, such as a
glucose meter [26]. There are a number of CGM devices commercially available, and there is
significant research in the field of a closed loop CGM device [26]. A closed loop CGM device
involves combining the device with an insulin pump and a controller, allowing the device to dose
insulin as needed if the blood glucose level becomes elevated. The system would effectively allow
the patient strict glycemic control with little device interaction. Current limitations of CGM
devices include accuracy, durability, reliability, and lag time [26]. The perfection of such a device
would in essence be the creation of an artificial pancreas, and this is the focus of much diabetic
research [27]. Much progress has been made on the path to an artificial pancreas on the CGM,
4

insulin pump, and controller fronts, but it is still far from being commercially available [28].
However, when it does become commercially available, the closed loop system has the possibility
to take out patient error and negligence out of glycemic control.
1.2.3. Measurement through exhaled breath (Non-invasive)
The exhaled breath condensate (EBC) sampling and analysis has been performed since the 1980s
[29] and it has since expanded into a thriving and promising non-invasive testing method [30]–
[32] and minimal perceived inconvenience to the patient. Breath acetone, for example, has been
used to in diabetes diagnostics and has been investigated as a biomarker for glucose metabolism
[33], [34]. Specifically, this work investigates glucose in EBC. Glucose has been detected in EBC
samples [35]. EBC is not practical for continuous real time monitoring, as the device will cause
discomfort to the person using it throughout the day.

Figure 1-2 Illume™ Diabetes Screener and GLUCAIR™ Diabetes Monitor manufactured by [36]
are based on glucose measurement through exhaled breath.

1.2.4. Measurements through body fluids (Non-invasive)
Although blood is by far the most understood sample for diagnosis, other biological fluids such as
sweat, tears, and saliva also contain tremendous biochemical analysts that can provide valuable
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information and are more readily accessible compared to blood [37], [38]. Recent studies suggest
a diagnosis system based on the glucose concentration in body fluids to estimate blood glucose
levels [39]–[41] However, many challenges still exist for the accurate glucose sensing in body
fluids [42], [43]. For example, the glucose levels in body fluids are much lower than that in blood
[44]. The sensing results can be affected by ambient temperature changes, mechanical deformation
caused by body motion, and the sample collection procedure.

1.2.5. Transdermal glucose extraction (Non-invasive)
A well-known technology for noninvasive glucose monitoring using transdermal glucose
extraction is reverse iontophoresis. A low electric current applied on the skin 4 between cathode
and anode allows charged and uncharged molecular species to permeate across the skin [45]. Due
to the convection flow, glucose is extracted from interstitial fluid and collected at cathode [46]
and the amount of glucose is analyzed. The Cygnus Glucowatch™ was the first device based on
this technology that was approved by the FDA [45]. However, it was withdrawn from the market
for the following reasons: low sensitivity, poor accuracy for hypoglycemia levels, skin irritations,
and long warm-up period [47], [48].

1.2.6. Raman Spectroscopy (Non-invasive)
Raman spectroscopy is based on the use of a laser light to induce oscillation and rotation in human
fluids containing glucose. Because the emission of scattered light is influenced by molecular
vibration, it is possible to estimate glucose concentration in human fluids [49]. This effect depends
on the concentration of the glucose molecules. This technique can measure very weak signals,
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even in human fluids. The wavelength range of Raman spectrum is considered to be 200 cm−1 to
2,000 cm−1 [50]. Raman spectrum of glucose can be differentiated from those of other compounds
in this band.

Figure 1-3: Experimental setup for acquisition of Raman spectra from blood samples: BPF,
bandpass filter; P, prism; S, blood sample; L1-L4, lenses; NF, notch filter; FB, fiber bundle [49].

Raman spectroscopy usually provides sharper and less overlapped spectra compared to NIR
spectroscopy. The intensity of spectral features is proportional to the concentration of the particular
species, and the spectra are less sensitive to temperature changes. Moreover, it is comparatively
less sensitive to water, and the interference from luminescence and fluorescence phenomena is
only modest. The main limitations are related to instability of the laser wavelength and intensity,
and long spectral acquisition times. In addition, as the power of the light source must be kept low
to prevent injury, the signal-to-noise ratio is significantly reduced. Moreover, as with NIR
spectroscopy, interference from other compounds remains a problem.
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1.3. Previous Work and Challenges
Before designing antennas, the challenges and suggestions from previous work by Dr.
Venkataraman’s research group in ETA lab at RIT were discussed [16]-[18]. The antennas
previously designed were successfully tracking the blood glucose increase/decrease by
continuously noting the shift in antenna’s resonant frequency. Some drawbacks in those designs
were as follows:
1)

They were large in size when compared to current on body sensors.

2)

Patients who volunteered for testing antennas were required to keep their arm in a steady
position, as the monopole antenna is omnidirectional which caused back radiation (radiation
away from the body).

3)

Bending effects of the antenna were not studied.

In order to overcome these challenges, various papers were reviewed. Keeping the back radiation
in mind, complete ground plane antenna was our first choice. As seen from image theory, complete
ground plane antennas helps in getting rid of the back radiation but unfortunately also give rise to
destructive interference, which completely deteriorates the antenna efficiency. Next step was to
improve the efficiency and also have zero back radiation.
Let us keep the substrate of thickness λ/4 to obtain a constructive interference (discussed later in
this chapter) with the impinging wave. For example, we use a substrate which has an effective
permittivity 𝜖𝑒𝑓𝑓 = 3 with respect to air. The wavelength inside the substrate can be calculated as:

𝜆=

𝑐
𝑓√𝜖𝑒𝑓𝑓
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Eq. (1.1)

where c is the velocity of the waves in free space, and f is the desired operating frequency.
Considering we want to operate the antenna at 2.45 GHz, and using the free space velocity as 3×
108 m/s, the quarter wavelength of the waves inside the substrate turns out to be 17.6mm. This is
a very thick substrate that can be used on body. Even if we use a substrate with higher dielectric
constant, the thickness doesn’t reduce much. For example, for a substrate with 𝜖𝑒𝑓𝑓 = 10, the
quarter wavelength turns out to be ~1cm which is again thick to incorporate the design into
wearables or on body sensors. High dielectric substrates are best suited for implants [52]–[55].
Whereas our goal is to attain non-invasive antennas. Another drawback of a thick substrate is that
is give rise to surface waves.
Additionally, the proposed antenna designs are operated at higher frequency compared to the
previously designed antennas. The goal then was to see if the antenna was able to track the blood
glucose change, hence designing antenna at a lower frequency was a good decision. Now a days,
with growing on body sensors and necessity for smaller antennas, designing antennas at lower
frequency is out of question. Next step was to identify the frequency band that is higher than the
frequency of operation of previous designs and also whether it lies within the Cole-Cole model
bands of frequency, which will allow good penetration.
Artificial magnetic conductor was considered over complete ground planes due to it’s in phase
reflection property, which also helps in gain enhancement. The research being new in this area,
most of the AMC were designed to increased bandwidth, or reducing the SAR on body for wireless
telemetry and also to reduce the effect of lossy nature of body on the antenna’s performance.
Whereas, in this thesis, AMC will be used to focus the radiation in to the body. This thesis has
covered most of the challenges expressed above.
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1.4. Organization of the Thesis
1.4.1. Frequency dependence of biological tissue and Cole-Cole model
Conventionally antenna parameters, such as impedance bandwidth and efficiency are defined for
the antenna located in free space. This thesis focuses on antennas that are used in environments
comprising the free space and lossy medium, which is typically human tissue. For this reason, it is
important to discuss parameters that describe wave behavior in lossy medium. As lossy dielectrics,
the body’s tissues display a complex permittivity. When an electric field is applied to a dielectric,
the material will take a finite amount of time to polarize [56].
If the field is time varying, this lag (or “relaxation time”) will cause the polarization of the
dielectric to be out of phase with the field, with components both in phase with and in quadrature
with the applied field. The permittivity will then be complex. The complex permittivity ε of the
medium is defined as
ϵ∗ = ϵ′ − jϵ′′ = ϵ′ − j

σ
ωϵ0

Eq. (1.1)

where ϵ′ is the real part of the permittivity representing the polarization in line with the field and
the imaginary part ϵ′′ of the permittivity representing the component of the polarization in
quadrature with the field. The phase difference between the field and the polarization will cause
losses, attenuating the wave as it travels through the dielectric due to damping of vibrating dipole
moments. Separating real and imaginary parts gives:
ϵr = ϵ′ , σ = ϵ′′ ϵ0 ω
where ϵ0 = 8.854 × 10−12 F/m.
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Eq. (1.2)

Since the complex permittivity of a medium is a frequency-dependent property and the properties
of blood will change with respect to the glucose content in the blood, the dielectric properties of
biological tissues can be expressed through the Debye model Eq. (1.3). This model represents a
wideband frequency-dependent dielectric spectrum through a compact and analytical
representation. One of the most commonly used models is a modified version of the Debye
expression, named as Cole-Cole model Eq. (1.4).
𝑛

𝜖

∗ (𝜔)

=𝜖

′ (𝜔)

− 𝑗𝜖

′′ (𝜔)

= 𝜖∞ + ∑
𝑚=1

𝑛

𝜖

∗ (𝜔)

= 𝜖∞ + ∑
𝑚=1

∆𝜖𝑚
𝜎𝑠
+
1 + (𝑗𝜔𝜏𝑚 ) 𝑗𝜔𝜖0

∆𝜖𝑚
𝜎𝑠
+
(1−𝛼
)
𝑚
𝑗𝜔𝜖0
1 + (𝑗𝜔𝜏𝑚 )

Eq. (1.3)

Eq. (1.4)

where 𝜖 ∗ (𝜔) is the frequency dependent complex dielectric constant, ∆𝜖 is the strength or
magnitude of the dispersion, 𝜏 is the relaxation time, 𝜖∞ is the dielectric constant at infinite
frequency, 𝜎𝑠 is the static conductivity 1 − 𝛼 is called the Cole-Cole model exponent which
describes the broadness of the relaxation time distribution.

Figure 1-4: Permittivity and
conductivity for blood and muscle.
[80]–[82]
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Figure 1-4, shows a trend in permittivity and conductivity, for blood and muscle over a frequency
range. The permittivity of blood in the lower frequency band goes through a sharp change. Even
though lower frequency has a good penetration depth, at low frequencies, to operate in a band
lower that 1 GHz is not advisable as the permittivity of the blood will be changing drastically. As
we go towards higher frequency in the range above 10GHz, the trend in permittivity becomes
flatter but the penetration depth decreases. In order to have a good penetration depth as well as a
flatter permittivity, a band of unlicensed ISM (2.4GHz -2.5GHz) was selected as an operating
frequency for all the antennas designed in this thesis. Medical frequency laid out by FCC will be
discussed in detail in the following sections.

1(a)

1(b)

2(a)

2(b)

Figure 1-5: 1(a) and 1(b) Relative permittivity of in vitro experiment and modified Cole-Cole
model. 2(a) and 2(b) Conductivity of in vitro experiment and modified Cole-Cole model
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Now since the Cole-Cole model only shows the permittivity dependency with respect to the
wideband frequency for biological tissue, a model with changing blood glucose must be included
in blood’s Cole-Cole model.
Dr. Venkataraman’s research group in the ETA lab at RIT already remodeled the Cole-Cole
equation in Eq. (1.4), for blood glucose. They performed in-vitro analysis to very this modified
model [51] as,
2

𝜎𝑠
∆𝜖𝑚
𝜖(𝜔) = 𝜖∞ + [
+∑
] [0.001445𝑔 − 1.145882]
𝑗𝜔𝜖0
1 + (𝑗𝜔𝜏𝑚 )(1−𝛼𝑚)

Eq. (1.5)

𝑚=1

However, the in-vitro measurements were not accurate, as they multiple blood glucose sample
were not taken from a single subject. Since the glucose factor was modeled with respect to the invitro measurements, the Cole-Cole model also remains inaccurate. Therefore, multiple in-vitro
measurement should to taken from blood sample from single subject and then following the same
for other subjects in order to come up with a model that can track the exact glucose value from
antenna’s resonant frequency shift.

1.4.2. Selecting Frequency bands operating in Medical devices
Over the years with an increase in body worn devices, and with the vacant spectrums that are
untouched due to interference issues for long distance communication, unlicensed bands were let
out by FCC. Unlicensed frequency bands are mainly used to operate lower power devices over a
short distance (see Table 1-2). The ITU-R Recommendation SA.1346 [57] outlined the use of the
402.0–405.0 MHz frequency band for medical implant communication services (MICS). The latest
contribution in the field is the Institute of Electrical and Electronics Engineers (IEEE) 802.15.6
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standard (IEEE 2012) which deals with short-range, wireless communications on or in, the human
body. The standard refers to existing industrial, scientific, and medical (ISM) bands and frequency
bands accepted by national medical and/or regulatory specialist as well. This standard mentions
that, an implantable medical devices (IMD) shall be able to assist transmission and reception in
not less than one of the following frequency bands: 402.0–405.0, 420.0–450.0, 863.0–870.0,
902.0–928.0, 950.0–958.0, 2,360.0–2,400.0, and 2,400.0–2,483.5MHz. Ultra wide band (UWB)
IMDs which implement low band (3.494–4.492 GHz) or high band (6.489–9.984 GHz) channels
are also supported. For instance, Table 1-1 outlines recent literature on implantable antennas
operating within various frequency bands. The ISM band of 2,400.0–2,500.0 MHz [57] is
appearing as one of the most favorable solutions. This is because it is already well developed in
terms of technology (Bluetooth, WiFi, and WLAN), antennas, integrated circuits, and embedded
systems.
Moreover, higher operation frequencies permit the use of smaller-sized antennas and components.
It is for this reason that implantable antennas used at higher frequencies (e.g., 5.85 and 31.5 GHz)
have also been reported in the literature (see Table 1-1). However, a high number of operating
services are collocated in the previously mentioned bands. To deal with interference issues, the
402.0–405.0 MHz band mainly focusing on IMDs, which has been purely allocated for medical
implant communication services (MICS). The United States Federal Communications
Commission (FCC) and the European Radio communications Committee (ERC) currently regulate
the MICS band. Its spectrum of 3 MHz allows for 10 channels (bandwidth of 300 KHz each) to
operate simultaneously (i.e., multiple IMDs in the same area). It also limits potential interferences
from the collocated Meteorological Aids Service band (401–406 MHz). The MICS band is
available globally and reasonable with low power circuits, falls within a pretty low noise portion
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of the spectrum, and allows for acceptable propagation through human tissue. The effect of
operation frequency upon the performance of IMDs has been addressed in the literature. [58] and
[59] has been presented to show increased power absorption, higher net body losses, and reduced
penetration depths with increasing frequency. In order to work with antennas on body that requires
into the body radiation, along with small size antennas under unlicensed medical band, this thesis
is proposed to work in the unlicensed ISM band of 2.4GHz-2.5GHz, adhering to Cole-Cole model.

Frequency

References for Implantable Medical Devices
Scalp implant, implants with different digital phantoms, Implantable antennas
at various human positions, Implantable microstrip antenna, Implantable

402 MHz

Microstrip antenna using Genetic Algorithm, Transmission of RF signals
between antenna in Free space and in human head, Implantable antenna in
WTMS [53], [59]–[68]
Scalp implant, Effects of human body on implants, , Implantable antennas at

433 MHz
various human positions, RF coupling for an artificial hip [67]–[70]
868 MHz

Scalp implant, implants with different digital phantoms [53], [59], [70]

915 MHz

Scalp implant, [53], [58], [67]

1575 MHz

Inverted F antenna implant for GPS application [71]
Design of an implantable slot dipole, Cavity slot antenna embedded in human

2400 MHz

arm, Implantable antenna in WTMS, Effects of human body on implants [64]–
[67], [72], [73]

31.5 GHz

Patch antenna design for medical implants [74]

Table 1-1: Resonant Frequencies of implantable antennas reported in the literature
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Frequency band

General Usage
Medical devices for transmitting

Medical Radio
Communication
service (MedRadio)
(MICS also operates
in this band)

Authorized
under Part
95, Subpart

data containing operational
401-406 MHz

I

diagnostics and therapeutic
information associated with a
medical implant device or
medical body worn devices.

Authorized

413-419 MHz

Medical Micro power

under Part

426-432 MHz

Networks (MMNs)

95, Subpart

432-444 MHz

I

451-457 MHz

Authorized
Medical body Area

under Part

Networks (MBANs)

95, Subpart

2360-2400 MHz

(WMTS)

paralyzed limbs

that transmit patient data to a
health care provider

608-614 MHz

Telemetry Services

be used to restore functions to

Networks of Body-worn sensors

I

Wireless Medical

Wireless medical devices that can

A short distance data

Authorized

1395-1400 MHz

communication service for

under Part

1427-1429.5 MHz

transmitting patient medical

95, Subpart

(location specific)

information to a central

H

1429-1431.5 MHz

monitoring location in a medical

(location specific)

facility.

13553-13567 kHz,

License-exempt or unlicensed

26957-27283 kHz,

spectrum is free from centralized
control in which anyone can

Unlicensed ISM

Authorized

40.66-40.70 MHz,

(Industrial Scientific

under Part

902-928 MHz

and Medical)
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2400-2500 MHz

complying with rules that are

5725-5875 MHz

designed to limit/avoid

24-24.25 GHz

transmit without a license while

interference.

Table 1-2: Alloted Medical Frequency bands by FCC [75]
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1.4.3. Specific Absorption Rate and Penetration Power
Electromagnetic radiation consists of waves of electric and magnetic energy moving together
(radiating) in free space at the speed of light. Taken together all forms of electromagnetic energy
are referred to as electromagnetic spectrum. Radio waves and microwaves emitted by transmitting
antennas are one form of electromagnetic energy. They are collectively referred to as
“radiofrequency” or RF energy or radiation. The RF waves emanating from an antenna are
generated by the movement of electrical charges in the antenna. Ionization is a process by which
electrons are stripped from atoms and molecules. This process can cause molecular changes that
can lead to damage in biological tissue, including effects on DNA, the genetic material of living
organisms. This process requires high levels of electromagnetic energy. The energy levels
associated with RF and microwave radiation are not good enough to cause ionization of atoms and
molecules.
It has been known for many years that exposure to very high levels of RF radiation can be harmful
due to the ability of RF energy to heat biological tissue rapidly. Exposure to a very high RF
intensities can result in heating of biological tissue and an increase in body temperature. Tissue
damage in humans could occur during exposure to high RF levels because of the body’s inability
to cope with or dissipate the excessive heat that could be generated.
The exposure limits used by the FCC are expressed in terms of SAR, electric and magnetic field
strength and power density for transmitters operating at frequencies from 100 kHz to 100GHz. The
applicable limits depend upon the type of sources. (e.g., cellphones, wearables, broadcast
transmitting antenna). The FCC’s exposure guidelines specify limits for human body exposure to
RF emissions in terms of Specific Absorption Rate (SAR), a measure of rate of absorption of RF
energy by the body. The safe exposure limit is presented in Table 1-3.
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From Table 1-3 we fathom that the tolerated exposure or the absorption rate is 1.6 W/kg over 1g
of tissue when antenna is used against the head and 4W/kg averaged over 10g of tissue when
positioned on the wrist.

SAR
Occupational/Controlled
Exposure Limits (W/kg)

Hands, Wrist, Feet and

Whole Body1

Partial Body2

0.4

8

20

0.08

1.6

4

Ankles 3

General
Population/Uncontrolled
Exposure Limits (W/kg)
Table 1-3: SAR limits listed by Federal Communications Commission (FCC) [76]–[78]
1

Whole body SAR is averaged over the entire body

2

Partial Body SAR is averaged over any 1g of tissue in the shape of a cube

3

SAR for hands, wrists, feet and ankles is averaged over 10g of tissue in the shape if a cube

In short, the electromagnetic power originated from an antenna and absorbed by human tissue is
described by SAR values. SAR is defined as the power absorbed by the tissue per unit of mass and
is related with the electric field

SAR =

σ 2
̅|
|E
ρ

̅| refers to the rms electric field value [79].
where ρ is the tissue density [kg/m3 ] and |E
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Eq. (1.6)

1.4.4. Antenna Miniaturization Techniques
Dimensions of the traditional half-wavelength (λ/2) or quarter wavelength (λ/4) antennas at the
frequency bands allocated for medical implants and especially at the low-frequency MICS band
make them useless for implantable applications. As an example, the free-space wavelength at 402,
433, 868, and 915 MHz can be computed as 74.6, 69.3, 34.6, and 32.8 cm, respectively. Therefore,
miniaturization becomes one of the greatest challenges in implantable antenna design. Fortunately,
human tissues in which implantable antennas are intended to operate exhibit high permittivity (e.g.,
the permittivity of skin at 402 MHz is 46.7 [80]–[82]) or, equivalently, reduced wave propagation
velocity. This, in turn, increases the effective dielectric constant of the antenna and works to
advantageously miniaturize its physical size.
Miniaturization methods that have been proposed in the literature for implantable antennas
include:
1. Use of high-permittivity dielectric materials: High-permittivity dielectrics are selected for
implantable antennas (e.g., ceramic alumina (𝜖𝑟 = 9.4) [83] or Rogers RO3210 (𝜖𝑟 =
10.2)[53]) because they shorten the effective wavelength and result in lower resonance
frequencies, thus assisting in antenna miniaturization.
2. Lengthening of the current flow path on the antenna surface: Longer effective current
flow paths excited on the antenna can reduce the resonance frequency and achieve a more
compact size for the implantable antenna. For this purpose, meandered [84], spiral [84], waffle
type [62], and hook-slotted [85] shaped implantable antennas have been suggested.[53]
3. Addition of shorting pins: In the case of implantable patch antennas, inserting a shorting pin
between the ground and patch planes increases the effective size of the antenna. This, in turn,
reduces the required physical dimensions, given a specific operation frequency scenario. The
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technique works in much the same way a ground plane doubles the height of a monopole
antenna, i.e., it typically produces a planar inverted-F antenna (PIFA) with the same resonance
performance as a double-sized antenna without the shorting pin [61].
4. Patch stacking: In the case of implantable patch antennas, vertically stacking two radiating
patches reduces antenna size by increasing (nearly doubling) the length of the current flow
path [53], [83].

1.4.5. Artificial Magnetic Conductors and its Applications
The good property of an electric metal is that
it is an excellent reflector. But the drawback
that comes with it is they also reverse the
phase of the reflecting wave compared to the
incoming wave. Good conductors restrict
internal electric fields. They also maintain
continuity across the metal/air boundary
forces the tangential electric field at the

Figure 1-6 Antenna placed on a metal conductor at
a distance very less than λ/4

surface to zero. When an electromagnetic wave impinges on a conductor, the reflected wave
experiences a phase reversal to ensure that the electric field has a node at the surface[86]. Image
theory states that a PEC ground plane causes the antenna’s current and its image to cancel each
other which is responsible for dropping the real part of the impedance towards zero, while the
imaginary part approaches infinity. Hence, a significant amount of the electromagnetic energy is
trapped between the antenna and the ground plane which in turn leads to a significant reduction in
the antenna’s efficiency [86].
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Likewise, the magnetic field has an antinode at the surface. As it is well known from literature,
many antennas are designed using a flat metal conductor to utilize it reflection property. As seen
in Figure 1-7, the presence of a ground plane redirects half of the radiation into the opposite
direction, improving the antenna gain by 3dB, and partially shielding objects on the other side. But
if the antenna is too close to the metallic surface, the phase of the incoming wave is reversed upon
reflection, resulting in destructive interference with the wave emitted in the other direction.

Figure 1-7: Antenna placed on a metal conductor at a distance of λ/4

This results in poor radiation efficiency. Figure 1-6 depicts an antenna in close proximity with a
flat, conducting slab. The antenna is effectively shorted out by the metal surface, and negligible
radiation is emitted. This problem is solved by including a one-quarter wavelength space between
the radiating element and the ground plane, as shown in Figure 1-7. The total round trip phase shift
from the antenna, to the surface, and back to the antenna, equals one complete cycle, and the waves
add constructively. The antenna radiates efficiently, but the entire structure requires a minimum
thickness of λ/4. Another property of metals is that they support surface waves. [3, 4] AMC ground
plane (which emulates a PMC in a specific frequency band) is used instead of PEC due to its inphase reflection characteristics. Similar to the concept explained for the metal conductor, magnetic
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conductors have a property of reflecting the wave in phase compared to the incoming wave. Hence
as the PMC layer reflects all of the power just like a metal sheet, but it reflects in-phase, rather
than out-of-phase, allowing the radiating element (antenna) to be directly adjacent to the surface,
shown in Figure 1-8. Thus, utilizing an AMC as a ground plane significantly enhances the gain of
dipole/monopole antennas [87].

Figure 1-8: Antenna place on AMC surface at a distance very less than λ/4

In the application [87]–[89], the AMC ground plane is used to isolate the user’s body from
undesired exposure to electromagnetic radiation in addition to eliminating the antenna’s
impedance mismatch caused by the proximity to human tissues. The main drawback of using
unilayer FSSs over a metallic ground plane is the very narrow AMC operation bandwidth [90].

1.4.6. Review of Integrated Antenna on Body
One major challenge for antenna design in WBANs (wearable body area networks) is related to
alterations in the antenna topology based on the shape of the human body, which specifies the need
for flexible and textile antennas. However, these types of antennas are not easily adjustable to body
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dynamics as they are mainly built on top of substrates with little deformation capability [91]. One
other major challenge is due to the electromagnetic interaction between the human body and the
antenna. The human body is considered as a large inhomogeneous object with high loss and
permittivity, which affects the properties of an antenna being placed in its close proximity. Existing
antennas in WBANs may be classified into two groups [92]:

1) Magnetic antennas: Magnetic antennas, such as loop antennas, generate an E-field that is
mostly tangential to the body tissue and, therefore are not capable of coupling as strongly as
the electric antennas. Consequently, body fat does not heat up. Some partially similar
antennas to the magnetic antennas are the helical-coil antennas, which have the same heating
characteristics as the electrical antennas. Tissue heating is mainly a result of the strong
Electric Field (E-field) existing between the coils [92]. Additionally, the Specific Absorption
Rate (SAR) of the far field-transmitting antenna is mainly related to the E-field, whereas the
SAR of the near field-transmitting antenna is related to the Magnetic Field (H-field) [92].

2) Electric antennas: Electric antennas such as dipole antennas form a large amount of E-field
perpendicular to the body that is absorbed and increases the temperature of the human tissue.
This is because the boundary requirement of the E-field is discontinuous by the ratio of its
permittivities at the E-field. Since muscle has higher permittivity than fat, the E-field of the
fat tissue is generally higher [92]. The human body is not considered as an ideal medium for
electromagnetic wave transmission at radio frequencies. Consequently, based on the utilized
frequency, high path loss occurs in the human body due to central frequency shift, power
absorption and alterations in the radiation pattern. Additionally, absorption effects differ in
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magnitude based on the characteristics of the tissue and the frequency of the applied field
[92]. In general, propagation throughout the body is affected in numerous ways due to the
electrical properties of the body, which are as follows:
 Body tissue is semi-conductive and therefore capable of absorbing some of the signal.
 Body tissue can react as a parasitic radiator.
 The electrical length of the electric field antennas like dipoles increase as dielectric
constant increases.

The antennas designed for WBANs are classified into two groups based on their location to be
either placed on the body or in the body. A brief explanation of these classifications is provided as
follows:

In-body Antenna Design – As for the antennas being implanted in the body, only specific types
of materials such as titanium or platinum can be used due to their biocompatible and non-corrosive
chemistry, whilst a copper antenna has better performance [93]. The MICS band, which is from
402-405 MHz, is allocated for in-body communication. The wavelength of this frequency is
744mm and the half wave dipole is 372mm. However, an antenna with such dimensions is not
applicable to in-body operation and therefore these constraints lead to a much smaller size than the
optimum.

On-body Antenna Design – Two key requirements for on body communication of antennas are
the antenna radiation pattern and the sensitivity of antennas to the human body. In [94], a
comparison of antenna combinations for on-body communication is provided. Various antennas
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have been designed and constructed in the 2.5 GHz and ISM band, such as loop antennas, patch
antennas, patch array antennas and monopole antennas. Amongst which, the monopole and
monopole combinations provide the least link loss and the highest path gain (path gain interprets
as the product of all transfer functions along a path) [94]. Whereas, patch antennas that do not
require additional space are capable of reducing the spread of the path gain and therefore eliminate
multi-path fading [95]. Some other existing antennas such as the spiral, the bow tie, the trailing
wire, the Planar Inverted-F Antenna (PIFA) and the loaded PIFA are also applicable in different
scenarios.

Thesis Design review
In this thesis we will be working with antennas over the AMC layer (together regarded as an
integrated antenna). Usually the antenna that is placed over the AMC layer must resonate at the
frequency where the AMC has a reflection phase of 0°, in order to achieve an enhanced broadside
gain (or constructive interference). The operating frequency that we chose is 2.4-2.5GHz, where
the antenna size will be large to be tested on arm. In order to make the antenna smaller it needs to
operate at a higher frequency to keep the antenna design simple without fabrication complexities.
The integrated antenna designed in [88] explains the integrated antenna model by designing the
antenna at a frequency higher than the operating frequency, making the antenna small in size
compared to the conventional antenna. When this antenna was placed over the AMC layer, the
whole setup resonates at the frequency where the reflection phase of the AMC is +90°, making it
an inductive surface. This concludes that since the antenna alone operates at a frequency below its
fundamental resonant mode, its input impedance is capacitive. Hence when the monopole is loaded
by the inductive surface which stores more magnetic energy, the reactance of the integrated
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antenna is suppressed, thus achieving a good impedance match. Maximum coupling occurs placing
the antenna at the center of the AMC, which has gaps that separates the metal conductors. Those
gaps acts as a magnetic current slots and store more magnetic energy, which makes the AMC layer
inductive. Hence positioning of the antenna with respect to the AMC is important.

Thesis Layout:


In the beginning of chapter 2, different unit cell designs are discussed in detail with it
equivalent circuit model, moving on to monopole antenna design.



Chapter 3 discusses a step by step analysis of designing both antenna and one of the AMC
together in free space and on arm. Later antenna when placed on other AMCs are discussed.



Fabrication and measured results are discussed in Chapter 4 along with testing the antenna
with AMC on arm of 2 non-diabetic subjects.



The Antennas were also tested for moving arm, antenna’s back radiation, and creeping
waves.



Finally the thesis was concluded and future work is suggested.
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2. Design Analysis of AMC and Antenna
As this thesis focusses on designing better reflective ground planes, in this section a descriptive
analysis how an AMC array is laid out by designing its individual unit cells is given. The HFSS
model and the equivalent design circuits are discussed for the unit cells. 4 unit cell designs and 2
monopole designs are discussed.

2.1. Unit cells
As the name suggests, a unit cell represents a single cell on an array of cells, as shown in Figure
2-1. Simulation of a unit cell is given in Appendix A. Several unit cells were analyzed, from which
4 unit cells are discussed in this thesis, out of which 3 of them were fabricated and test later. When
analyzing the unit cell, substrate material was not modified. The substrate used throughout this
thesis is Rogers RT/duroid 5880™ with the dielectric permittivity, 𝜖𝑟 = 2.2 and tan(𝛿) = 0.0009,
with a thickness, h = 31 mils (or 0.7874 mm). Additionally half ounce copper is used (thickness
of 18𝜇m).

Figure 2-1: Unit cell in a 4×4 AMC array
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Equivalent circuit analysis approach:

Figure 2-2: Unit cell and equivalent circuit model
Unit cells are modelled using LC equivalent circuits. Various approaches are documented in
literature [96]–[100]. For the AMC structures, the surface impedance (Zs ) plays an important role
to determine the resonant frequency and the phase of reflection coefficient. The surface impedance,
in terms of the transmission-line approach can be expressed as a parallel connection of AMC trace
impedance (Zg ) and the surface impedance of a grounded dielectric slab (Zd ) [96], [101]. Even
though the model for all the unit cell explained below have the same structure of the equivalent
model, the values of Zg and Zd will be different depending on the dimensions and design of the
AMC layer. For any AMC unit cell, the model for Zg narrows down to LC resonant circuit.
Analyzing equivalent circuit for a unit cell.
For AMC structures, the surface impedances (Zs ) can be expressed as a parallel connection of FSS
impedance (AMC trace alone) (Zg ) and the surface impedance of a grounded dielectric slab (Zd )
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𝑍𝑠 (𝜔) = 𝑍𝑔 || 𝑍𝑑

Eq. (2.1)

Before we calculate the respective capacitance and inductance of a unit cell, let us look at the
closed-form formula of characteristic impedance (𝑍0 ) and effective permittivity 𝜖𝑒𝑓𝑓 are used
which have been reported by Wheeler and Schneider. Where 𝑍0 is expressed by,
𝜂0
𝑍0 =

ln {

8ℎ
𝑤
+ 0.25 }
𝑤
ℎ

,

2𝜋√𝜖𝑒𝑓𝑓
−1
𝜂0 𝑤
𝑤
{ + 1.393 + ln ( + 1.444)}
ℎ
{ √𝜖𝑒𝑓𝑓 ℎ

𝑤
≤1
ℎ

𝑤
, ≥1
ℎ

Eq. (2.2)

Where 𝜂0 the impedance of free space, h is the thickness of the dielectric slab, w is the width of
the microstrip line that can be calculated using the effective dielectric constant,

𝜖𝑒𝑓𝑓 =

ϵr + 1 ϵr − 1 𝑤
+
𝐹( )
2
2
ℎ

Eq. (2.3)

where,
1

12ℎ −2
𝑤 2
(1
+
)
+
0.041
(1
−
)
𝑤
𝑤
ℎ
𝐹( )=
1
ℎ
12ℎ −2
{ (1 + 𝑤 )

,
,

𝑤
≤1
ℎ

Eq. (2.4)

𝑤
≥1
ℎ

In order to calculate the capacitances and the inductances of the equivalent circuit model, we
decompose every unit cell into capacitive components and inductive components. Let us assume
a relatable model that is used in this thesis to explain how is capacitances and inductance
calculated.

29

𝐿𝑔

≡

𝐶𝑔

𝐿𝑑

𝑍𝑆
Figure 2-3: Equivalent circuit

𝑤𝑖𝑛𝑑

𝑙

𝑑

𝑔𝑎𝑝
𝑤𝑐𝑎𝑝

Figure 2-4: Geometry and dimensions of I shaped unit cell.

Grid Capacitances:
Capacitance due to gap between the adjacent unit cells. This capacitance depends on the length d
and width 𝑤𝑐𝑎𝑝 . The combination of two parallel capacitive components with the gap distance gap
at the surface of metal backed dielectric slab is similar to coupled microstrip lines. Let us define
this capacitance as 𝐶𝑔𝑎 , which is the gap capacitance in air and can be calculated as,

𝐶𝑔𝑎 = 2𝜖0 𝜖𝑒𝑓𝑓

𝐾(𝑘)
𝑑
𝐾 ′ (𝑘)

Where 𝜖0 is the permittivity of free space,
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Eq. (2.5)

1
1 + √𝑘
ln {2
}
𝜋
1 − √𝑘
𝐾(𝑘)
𝜋
=
𝐾 ′ (𝑘)
1 + √𝑘 ′
ln {2
}
{
1 − √𝑘 ′
𝑎𝜋
),
4𝑏

𝑘 = tan2 (

𝑎=

𝑤𝑐𝑎𝑝
,
2

𝑏=

, 0.707 ≤ 𝑘 ≤ 1
, 0 ≤ 𝑘 ≤ 0.707

𝑤𝑐𝑎𝑝 + 𝑔𝑎𝑝
,
2

𝑘 ′ = √1 − 𝑘 2

Eq. (2.6)

Eq. (2.7)

The effective permittivity can be calculated by Eq. (2.3) where w is replaced by 𝑤𝑐𝑎𝑝 . The second
capacitance 𝐶𝑓 is the fringe capacitance at the outer edge of the unit cell and can be obtained as,

𝐶𝑓 =

1 √𝜖𝑒𝑓𝑓 𝜖0 𝜖𝑟 𝑤𝑐𝑎𝑝
(
−
)
2 𝑐𝑍0
ℎ

Eq. (2.8)

Where c it the velocity of light in free space and 𝑍0 is obtained from Eq. (2.2) for a strip of
width 𝑤𝑐𝑎𝑝 . The parameters holds to be within 3% of error for the ranges,

0.1 ≤

𝑤𝑐𝑎𝑝
≤ 10,
ℎ

0.1 ≤

𝑔𝑎𝑝
≤ 5,
ℎ

1 ≤ 𝜖𝑟 ≤ 18

Eq. (2.9)

The last capacitance 𝐶𝑔𝑑 represents the capacitance value due to the electric flux in the dielectric
region. 𝐶𝑔𝑑 can be obtained from 𝐶𝑓 by,

𝐶𝑔𝑑 =

𝜖0 𝜖𝑟
𝜋𝑔𝑎𝑝
0.02ℎ√𝜖𝑟
1
ln coth (
) + 0.65𝐶𝑓 {
+ (1 − 2 )}
𝜋
4ℎ
𝑔𝑎𝑝
𝜖𝑟

Eq. (2.10)

Using Eq. (2.5), Eq. (2.8) and Eq. (2.10) we can predict accurate values for capacitive components
of a unit cell.
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Grid Inductances:
The inductive component 𝐿𝑔 can be calculated by using the length 𝑙 and width 𝑤𝑖𝑛𝑑 using
microstrip line theory,

𝐿𝑔 =

𝑍0 √𝜖𝑒𝑓𝑓
𝑐

𝑙

Eq. (2.11)

Where 𝑍0 and 𝜖𝑒𝑓𝑓 can be obtained by Eq. (2.2) and Eq. (2.3) when the width of the strips is
replaced by 𝑤𝑖𝑛𝑑 . Eq. (2.11) is valid only when 𝑙 is much smaller than the operating wavelength.
Inductance of the grounded metallic slab:
An AMC structure composed of a periodic array on a PEC-backed dielectric substrate with
thickness h and permittivity ϵr is introduced. The resulting structure can be modeled using a
transmission line as shown in Figure 2-5. The square patch acts as a shunt capacitor placed at a
distance h from a short circuited dielectric loaded transmission line. This transmission line can be
modeled by a lumped shunt inductor parallel to a capacitor [102]. The parallel LC circuit is
inductive below resonant frequency and capacitive above resonant frequency. At frequencies much
below than the resonant frequency the impedance approaches to zero and the structure behaves
like a PEC surface.
The impedance can be simply obtained as [101],
𝑗𝜂0
𝑍𝑑 = (
) tan(𝑘ℎ)
√𝜖 𝑟

Eq. (2.12)

Since 𝑍𝑑 has been modeled by an inductance (𝐿𝑑 ), we have 𝑍𝑑 = 𝑗𝜔𝐿𝑑 . Therefore Eq. (2.12) now
becomes,
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(b)
h

(a)
Figure 2-5: Unit cell of AMC bounded to the PMC-PEC walls in the y-z directions and illuminated
by the normal incident plane wave. (b) Parallel LC equivalent model. Notice that the backside PEC
after the distance h presents the inductive property [102].

𝜂0 tan(𝑘ℎ)
𝐿𝑑 = (
)
𝜔
√𝜖 𝑟

Eq. (2.13)

Where 𝑘 = 𝜔√𝜖𝑟 𝜖0 𝜇0 is the refracted wave number and 𝜂0 = √𝜇0 /𝜖0 is the impedance of free
space and 𝜖𝑟 is the relative permittivity of the dielectric slab. From Eq. (2.13) it is observed that,
the inductance is frequency dependent. For this model if all the dimensions including the thickness
of the substrate are much smaller than the wavelength of interest (𝑘. ℎ ≪ 1) then Eq. (2.13) can
be turned into frequency independent equation[101],
𝐿𝑑 = 𝜇0 ℎ

Eq. (2.14)

For the unit cell in Figure 2-4, the equivalent circuit can be modeled as shown in Figure 2-3. The
parallel capacitances can be added where, 𝐶𝑔 = 𝐶𝑔𝑎 + 𝐶𝑔𝑑 + 𝐶𝑓 and the circuit now narrows down
to 𝐿𝑔 and 𝐶𝑔 in parallel with the ground inductance 𝐿𝑑 .
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Eq. (2.1) now becomes,

𝑍𝑠 (𝜔) = 𝑍𝑔 || 𝑍𝑑 =

𝑗𝜔𝐿𝑑 (1 − 𝜔2 𝐿𝑔 𝐶𝑔 )
1 − 𝜔 2 (𝐶𝑔 (𝐿𝑔 + 𝐿𝑑 ))

Eq. (2.15)

At the resonant frequency the surface impedance is very high and the reflection phase coefficient
is zero. Therefore, when the denominator of equals to zero, we get the resonant frequency as,
1

𝑓𝑟 =

2𝜋√(𝐶𝑔 (𝐿𝑔 + 𝐿𝑑 ))

Eq. (2.16)

The above equations can be used to design the equivalent circuits for the unit cell analytically.

Suggestion for synthesis of Equivalent circuit of a unit cell:
The equations for equivalent circuits if the unit cells above were performed in the analysis mode.
If the design is to be done in the synthesis mode, for a known or required resonant frequency, the
ground inductance (𝐿𝑑 ) will remain constant for a given height of dielectric material that will be
used. Assuming an impedance value for the grid inductance (𝐿𝑔 ), the width and length for the grid
inductance can be calculated using Eq. (2.11). Using the effective inductance the effective grid
capacitance can be found using Eq. (2.16)
For example: We want to design the unit cell for 2.5GHz, 𝐿𝑑 can be found using Eq. (2.14). For a
dielectric material with height of 31mil. 𝐿𝑑 = 0.989𝑛𝐻. The parameters that we know at this stage
are, relative permittivity of the dielectric, 𝜖𝑟 the height of the substrate, h, resonant frequency, 𝑓𝑟
and the inductance, 𝐿𝑑 . Assuming the impedance 𝑍0 for inductance of the unit cell trace, 𝐿𝑔 , let
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us say, 20ohms, the corresponding width can be calculated using Eq. (2.2). The width turns to be,
8.08mm and the length of 11.7mm for an electric length of 50deg. For the required impedance the
inductance of the unit cell trace, 𝐿𝑔 , can be calculated using Eq. (2.11) which turns out to be 1.1nH.
Using this value we can calculate the effective capacitance 𝐶𝑔 . With all the mentioned values and
using Eq. (2.16) 𝐶𝑔 = 1.94𝑝𝐹. In order to find individual capacitances, further assumptions for
impedances to calculate the width and lengths can be made. This is just a gist of how the equivalent
circuit can be designed. Lot more work is required to get the exact length and width of the unit
cell.

2.1.1. Rectangular Patch (AMC1)
Rectangular Patch AMC is one of the basic type derived from square patch. Since the antenna to
be used over the AMC is linearly polarized, it will excite the AMC in a single direction. Hence the
dimension of the AMC, Lp is varied to obtain resonance at the desired frequency. A plane wave is
excited on the surface of the unit cell and the reflection phase is observed. The equivalent circuit
was designed by modifying the circuit model derived in [96]. The length Lp gives rise to the
inductance Lg and changes as Lp varies. The gap between the inductive AMC trace and the next
AMC trace in an array of unit cell will give rise to capacitance Cg , less the gap more will be the
capacitance. Finally, the ground plane will have its own inductance Ld . According to assumption
for the effective surface impedance model all of the dimensions including the thickness of substrate
are much smaller than wavelength of interest, Ld can be turned to the frequency-independent [96].
This results in constant Ld if the substrate height remains constant. Figure 2-7 shows variation in
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reflection phase when each dimension of the unit cell is changed keeping the substrate material
and the height of the material constant.

Figure 2-6: Rectangular patch type AMC unit cell and equivalent circuit.

Now in order to calculate the parameters for the equivalent circuit, from the design we observe
that the patch acts as both inductive layer and conductor for the capacitive gaps. To solve the
inductance Lg , the l in Eq. (2.11), is Lp and the width for calculating Z0 is Wp , the inductance Lg
turns out to be 1.503nH. For the gap capacitance Cga , we use Eq. (2.5), here the d is Wp and the
width for Z0 is Lp . Substituting these values in Eq. (2.5) we get the value of Cga as 1.099pF.
Similarly the fringing capacitance Cf and the capacitance due to the conducting materials (AMC
trace and the ground) Cgd can be calculated using Eq. (2.8) and Eq. (2.10), whose values are
0.355pF and 0.18pF respectively. Now adding all these capacitances gives the overall value of 𝐶𝑔
as 1.6436pF. Now once we have all the values to the circuit. The resonant frequency where zero
phase occurs can be calculated from Eq. (2.18) as 2.56GHz. Figure 2-8 shows that equivalent
circuit model agrees with the HFSS simulation for a given dimensions of the unit cell.
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Figure 2-7: S11 Phase in degrees with varying dimensions for Rectangular Patch AMC when
keeping the other dimensions constant as listed in the table.

𝐿𝑔 (1.503 𝑛𝐻)
HFSS
Eq. circuit

𝐶𝑔 (1.6436𝑝𝐹)

𝐿𝑑 (0.989𝑛𝐻)

𝑍𝑆

Figure 2-8: S11 Phase in degrees compared to the equivalent circuit model for Rectangular Patch
AMC for the dimensions shown.
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2.1.2. Rectangular Ring (AMC2)
Rectangular Ring AMC is similar to rectangular patch. The only difference is the AMC inductance
that varies when compared to rectangular patch. The concept is very similar to that of the
rectangular patch. Cutting patch in the center has helped the AMC resonate at the same frequency
with size reduction. Increasing the width of the ring size R increases the inductance of the surface
shifting to a higher frequency as seen in Figure 2-10. Similarly as the gaps between the unit cell is
increased, the total circuit becomes less capacitive, making the resonant frequency to move to the
right. Additionally the increasing the dimensions 𝐿𝑟1 𝑎𝑛𝑑 𝑊𝑟1 moves the resonance to lower
frequency making their contribution to the capacitance of the circuit. The equivalent circuit was
designed by modifying the circuit model derived in [96].

R = Lr1 − Lr2
= Wr1 − Wr2

/2

Figure 2-9: Rectangular ring type AMC unit cell and equivalent circuit

Now in order to calculate the parameters for the equivalent circuit, from the design we observe
that the ring has an extra capacitance when compared to the rectangular patch. To solve the
inductance Lg , the l in Eq. (2.11), is Lr1 and the width for calculating Z0 is R, the inductance Lg
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Figure 2-10: S11 Phase in degrees with varying
dimensions for Rectangular Ring AMC when
keeping the other dimensions constant as listed in
the table.

𝐿𝑔 (1.89 𝑛𝐻)
𝐶𝑔 (2.386𝑝𝐹)

HFSS
Eq. circuit

𝐿𝑑 (0.989𝑛𝐻)

𝑍𝑆

Figure 2-11: S11 Phase in degrees compared to the equivalent circuit model for Rectangular
Ring AMC for the dimensions shown.
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turns out to be 1.89nH. For the gap capacitance Cga , we use Eq. (2.5), here the d is W𝑟1 and the
width for Z0 is R. Substituting these values in Eq. (2.5) we get the value of Cga as 1.43pF. Similarly
the fringing capacitance Cf and the capacitance due to the conducting materials (AMC trace and
the ground) Cgd can be calculated using Eq. (2.8) and Eq. (2.10), whose values are 0.28pF and
0.2pF respectively. The extra capacitance 𝐶𝑥 can be calculated the same as solved for 𝐶𝑓 where d
is 𝑊𝑟2 and width for 𝑍0 is R. The value of 𝐶𝑥 turns out to 0.6pF. Now adding all these capacitances
gives the overall value of 𝐶𝑔 as 2.386pF. Now once we have all the values to the circuit. The
resonant frequency where zero phase occurs can be calculated from Eq. (2.18) as 2.512GHz. Figure
2-8 shows that equivalent circuit model agrees with the HFSS simulation for a given dimensions
of the unit cell.

2.1.3. I shaped design (AMC3)
The next unit cell designed is the I shaped unit cell similar to the one in [88]. This unit cell is the
smallest of all the unit cell discussed in this thesis when compared to a single resonant frequency.
Modifying the equivalent circuit design [96] agrees to the HFSS simulation. The dimension Wi1 is
the grid inductance Lg for the AMC. Whereas Li1 , Li2 and gap/2 adds to the total capacitance in
parallel of the grid giving rise to capacitance Cg . As discussed earlier Ld remains constant for a
given substrate. The dimensions and results are discussed in Figure 2-13. As it is well known that
the resonance shift to a lower frequency is due an increase or addition in overall capacitance. The
graphs agrees to the discussion that increasing Li1 , Li2 and decreasing the gap increases the
capacitance and increasing Wi1 increases overall grid inductance. Increasing the gap after a certain
point doesn’t affect the resonance. However the periodicity increases with increasing gap [103].
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Figure 2-12: I shaped AMC unit cell and its dimensions

Now in order to calculate the parameters for the equivalent circuit, from the design we observe
that the I-shape has inductance that is contributed by Li1 and Wi1 and dimensions Li2 and Wi2 and
gap contributes to capacitance. To solve the inductance Lg , the l in Eq. (2.11), is Li1 and the width
for calculating Z0 is Wi1 , the inductance Lg turns out to be 1.2nH. For the gap capacitance Cga , we
use Eq. (2.5), here the d is Wi2 and the width for Z0 is Li2 . Substituting these values in Eq. (2.5)
we get the value of Cga as 1.25pF. Similarly the fringing capacitance Cf and the capacitance due
to the conducting materials (AMC trace and the ground) Cgd can be calculated using Eq. (2.8) and
Eq. (2.10), whose values are 0.25pF and 0.31pF respectively. Now adding all these capacitances
gives the overall value of Cg as 1.834pF. Now once we have all the values to the circuit. The
resonant frequency where zero phase occurs can be calculated from Eq. (2.18) as 2.506GHz.
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𝐿𝑔 (1.2 𝑛𝐻)
𝐶𝑔 (1.834𝑝𝐹)

𝐿𝑑 (0.989𝑛𝐻)

𝑍𝑆

Figure 2-13: S11 Phase in degrees with
varying dimensions for I shaped AMC
with the equivalent circuit model for the
dimensions given.

HFSS
Eq. circuit
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2.1.4. Jerusalem Cross
Jerusalem cross is similar to I shaped unit cell with an additional I shaped structure in the y
direction. Since increasing the dimension Lj2 or Wj2 will cause the layers to merge and make the
design alter altogether. I shaped design was achievable as the dimensions varied in one direction.

Figure 2-14: Jerusalem Cross (JC) AMC unit cell and equivalent circuit
Hence making sure they don’t merge and miniaturizing the unit cell was the challenge. The
equivalent circuit again was referred from [96] which can be narrowed down to the LC resonant
circuit given in Figure 1-4 and Figure 1-5. Overall the dimensions varying capacitance and
inductance remain same as I shaped unit cell.
Now in order to calculate the parameters for the equivalent circuit, from the design we observe
that the Jerusalem cross has inductance that is contributed by Lj1 and Wj1 and dimensions Lj2 , Wj2
and gap contributes to capacitance. To solve the inductance Lg , the l in Eq. (2.11), is Lj1 and the
width for calculating Z0 is Wj1 , the inductance Lg turns out to be 1.704nH. For the gap
capacitance Cga , we use Eq. (2.5) , here the d is Wj2 and the width for Z0 is Lj2 .
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𝐿𝑔 (1.7049 𝑛𝐻)

𝐿𝑑 (0.989𝑛𝐻)

𝐶𝑔 (1.5𝑝𝐹)
𝑍𝑆

Figure 2-15: S11 Phase in degrees
with
HFSS
Eq. circuit

varying

dimensions

for

Jerusalem Cross AMC with the
equivalent circuit model for the
dimensions shown.
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Substituting these values in Eq. (2.5) we get the value of Cga as 0.9863pF. Similarly the fringing
capacitance Cf and the capacitance due to the conducting materials (AMC trace and the ground)
Cgd can be calculated using Eq. (2.8) and Eq. (2.10), whose values are 0.245pF and 0.2694pF
respectively. Now adding all these capacitances gives the overall value of Cg as 1.5pF. Now once
we have all the values to the circuit. The resonant frequency where zero phase occurs can be
calculated from Eq. (2.18) as 2.5028GHz.

2.2. Linear Monopole Antenna

Various printed monopole antennas are reported in literature [88], [104]–[107]. Monopole
antennas are usually designed to be operated as wideband antennas. Thorough research is still
going on to make the antenna’s bandwidth as wide as possible for the demand in growing cellular
and wireless data, as mainly the printed monopole antennas work in wireless communication.
The antenna is to be designed on Rogers RT/duroid 5880™ with a dielectric constant of 2.2 and
tanδ of 0.0009. The first step is to see whether the height of the substrate will give rise to surface
waves in the operating frequency band.[104]

fc =

c
4h√ϵr − 1

Eq. (2.17)

where 𝑓𝑐 is the cut off frequency for the surface waves to occur. The height (h) of 31 mils used in
the thesis gives rise to the cutoff frequency of 86.95 GHz, which far beyond the operating
frequency band of 2.4-2.5GHz.
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The antenna dimensions can be found from [104], [105], [108] where the lower operating
frequency 𝑓𝑙 is defined as,

fl =

0.24c
L+r

Eq. (2.18)

where L is the length of the radiator and r is the radius of an equivalent cylindrical monopole
antenna. To calculate the equivalent radius r for a planar monopole antenna, its area is considered
to be equal to the area of the side of a cylindrical monopole of radius r. If the width of the radiator
is W then,
2πrL = WL or r = W/2π

Eq. (2.19)

Due to the effect of the substrate on the monopole Eq. (2.18) now becomes

fl =

0.24c
k(L + r + p)

Eq. (2.20)

Where p is the length which is added to increase the bandwidth and the correction factor k=1.1 for
the substrate used in this thesis.
The beveling angle 𝛼 is used to increase the bandwidth of the
antenna as reported in [105], [108]. The bevel angle used in the
in antennas throughout the thesis is in the range of 100 − 150 .
This value doesn’t increase the bandwidth much. However the
bandwidth of the antenna will be affected depending on the

𝛼

bandwidth of the AMC that will be placed below it. The first
monopole antenna we will be looking at has a beveling angle of
Figure 2-16: beveling angle
of a monopole antenna

0

13.5 and the second antenna does not have any.
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2.2.1. Microstrip Feed Monopole Antenna
Antenna 1:

Ay

30 mm

Ay

40mm
20.5mm
12 mm
11 mm
2.42 mm
1.15 mm
9.5 mm

Ml
Mw
msl
msw
tp
gnd

Figure 2-17: Antenna 1 parameters and dimensions

The antenna designed from Eq. (2.20) has resulted in the lower frequency of 2.73GHz. Where L
in the equation is Ml = 20.5mm and
W in the equation is Mw = 12mm and
p is the difference of msl and gnd
which turns out to be 1.5mm. Entering
all these values in Eq. (2.20) gives us a
lower frequency band of 2.73GHz,
which is pretty close to the HFSS 10dB
Figure 2-18: Return loss for Antenna 1

lower frequency of 2.8GHz. The
above antenna was also used in paper
[88]
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Antenna 2:

Ay2
A𝑥2
Ml2
Mw2
msl2
msw2
gnd2

30 mm
40mm
5mm
5 mm
29 mm
2.42 mm
14.5 mm
Figure 2-19: Antenna 2 parameters and dimensions

The second antenna is similar to the printed square monopole antenna without the beveling angle
in antenna 1. The difference in square monopole antenna is that W is replaced with L in Eq. (2.20).
Since we have not included the beveling angle, we can see the difference in the bandwidth, where
Antenna 2 has a lower 10dB bandwidth compared to Antenna1. The advantage of Antenna 2 over
Antenna 1 is that the smaller patch area with a longer feed can be easily tweaked and incorporated
in wearables.

Figure 2-20: Return loss for Antenna 2
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𝜙 = 900
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1(b)
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Z

X
Y
0
𝜙=0

Y
X

2(a)

Z

Y

2(b)

X
Figure 2-21: Comparing Radiation patterns for Antenna 1 and Antenna 2 at 2.45GHz; a) Elevation
planes 𝜙 = 00 (XZ plane) and 𝜙 = 900 (YZ) plane b) Azimuth plane 𝜃 = 900 (XY) plane
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2.2.2. Antenna with Complete Ground plane
As we all know metal conductors are excellent reflectors. However the phase reversal of the waves
causes the near field waves to cancel each other leading to a broadside pattern, without gain
enhancement. When the monopole antennas 1 and 2 discussed above are forced to a complete
ground plane, we notice that the gain in the negative z direction is reflected without enhancing the
gain in the positive z direction. Antenna 1 and 2 both show similar patterns.

Z
Z
X

Y

Y
X

0

𝜙 = 90

(a)

Z

Y

(b)

X
Figure 2-22: Radiation patterns for Antenna 1 with complete ground plane; a) Elevation planes
𝜙 = 00 (XZ plane) and 𝜙 = 900 (YZ) plane b) Azimuth plane 𝜃 = 900 (XY) plane

Figure 2-22 and Figure 2-23 agrees to the theory of placing a complete metal conductor at the
bottom. In fact, when compared to free space and complete ground plane, for Antenna 1 the front
to back ratio increases from 1.027 to 5.88 and for Antenna 2 from 1.05 to 5.47. This is also one
of the way of knowing that the back radiation has reduced.
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Figure 2-23: Radiation patterns for Antenna 2 with complete ground plane; a) Elevation planes
𝜙 = 00 (XZ plane) and 𝜙 = 900 (YZ) plane b) Azimuth plane 𝜃 = 900 (XY) plane

These complete ground plane antennas have a very bad return losses when compared to no ground
plane. The reason is as they were not designed for complete ground plane, the same antenna in free
space was forced with ground plane to observe the radiation patterns. However when these
antennas were to be designed for complete ground plane, the size of the antenna will increase
making it non- feasible when our aim is to achieve a small sized antenna. Moreover, the purpose
of designing the antennas higher that the operating frequency range is to achieve a good impedance
match with the inductive ground planes, as these antennas will present themselves with a capacitive
property. Maximum coupling occurs when the antennas are placed at the center of the AMC. The
process of designing the integrated antenna is discussed in detail in the following section for one
particular AMC and a summary of different AMC on the same antenna.
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3. Analysis of Integrated Antennas
3.1. Linear Monopole Antenna with AMC1 as the Ground
Overview: Initially Antenna 1 is simulated on AMC1 (rectangular patch 2x2 array), where a step
by step modelling of the integrated antenna is discussed. All other configurations follow the same
procedure, therefore only the final on arm analysis has been discussed for them.

3.1.1. Free Space: Case 1
Case 1: This case is the first step of analyzing the antenna and AMC together that were designed
earlier. The dimension and the type of Antenna and AMC used is shown in Figure 3-1. The antenna
is placed on top of the AMC with the air gap of 31mils and the position of the antenna in the xaxis with respect to the AMC is Dx = 10mm. As discussed earlier, antenna has the strongest
radiating slot located at the center of the AMC. Hence the antenna is moved along the x direction
to locate the exact resonance.

Figure 3-1: Dimensions of the antenna and the Rectangular Patch 2x2 array AMC
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(b)

(c)

(a)
Figure 3-2: (a) Top view with Dx =10mm (b) 3D view (c) Case 1: Stack-up (Front view)

(a)

(b)

Figure 3-3: Case 1: Gain in (a) Elevation plane (b) Azimuth plane
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Case 1: Air gap between
the antenna and the AMC

Figure 3-4: Return Loss in dB for Case 1, Model 1

The results of the proposed setup was
run in HFSS and the results are
discussed.

The

return

loss

was

achieved as -35.22dB at 2.502GHz
which was achieved by adjusting Dx .
The broadside gain achieved was
6.76dB which has definitely enhanced
the front radiation when compared to

Figure 3-5: 3D Gain pattern in dB (Case 1-Model 1)

the complete ground plane of the antenna used. This setup also achieved a better front to back (FB)
ratio of 30.17 at 2.45GHz with the radiation efficiency of 91.16%.
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3.1.2. Radome and Substrate loading: Case 2-5

Case 2: Since it is difficult or rather impossible to keep the air gap between the antenna and the
AMC in reality and have them tested. Hence the same substrate that was used in the antenna was
loaded between the antenna and the AMC to keep the integrated antenna in place. The setup is
shown in Figure 3-6. In Case 2 nothing was tuned and all the dimensions are same as is in Case 1.
The dimension of the substrate loaded is the same as that of the antenna and is placed exactly
below the antenna. This setup also aids in isolation between the feed ground and the AMC metal
traces.

𝐃𝐱 =10mm

(b)
(c)

(a)
Figure 3-6: (a) Top view with Dx =10mm (b) 3D view (c) Case 2: Stack-up (Front view)
Loading the gap with substrate has affected the impedance matching which gave a return loss of 16.8dB and the frequency dropped from 2.502GHz to 2.407GHz. This accounts to a frequency
difference of 95MHz. The shift in frequency assures that we are in the right path, as the antenna is
responding or is rather sensitive to capacitive loading.
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Case 2: Air gap
loaded with substrate

Case 1: Air gap between
the antenna and the AMC

Figure 3-7: Comparison of Return Loss in dB for Case 1 and 2, Model 1
Additionally, FB ratio drops to 20.3
and also the radiation efficiency has
reduced to 80.88%, this is because the
setup has a poor return loss compared
to Case1. Figure 3-7 presents the how
return loss is related in Case 1 and 2.
The figure clearly shows that the
resonant frequency has shifted to a

Figure 3-8: 3D Gain pattern in dB (Case 2-Model 1)

lower frequency.
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(a)

(b)

Figure 3-9: Case 2: Gain in (a) Elevation plane (b) Azimuth plane
Case 3: In this case we aim to
match the integrated antenna to
achieve a better return loss. Again
the in order to obtain a good match
the

antenna

along

with

the

substrate below it, was moved
along the x-axis to Dx = 9mm

Case 3: Re-tuning Case 2

keeping the rest of the dimensions
of the antenna and the AMC as is.

Figure 3-10: Return Loss in dB for Case 3, Model 1

No dimensions were touched
except Dx was changed to attain a return loss of -48.17dB with the broadside gain showing no
change. The results are shown in Figure 3-10, Figure 3-11 and Figure 3-12.
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Case 2: Air gap
loaded with substrate
Case 1: Air gap between
the antenna and the AMC

Case 3: Re-tuning Case 2

Figure 3-11: Comparison of Return Loss in dB for Case 1-3, Model 1

(a)

(b)

Figure 3-12: Case 3: Gain in (a) Elevation plane (b) Azimuth plane
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Case 4: Before we place the antenna with the AMC loaded with substrate on the arm to test it, we
must isolate the antenna trace from touching the skin of the arm. Since our body is highly
conductive and lossy, placing the antenna trace over the arm will cause the model to lose most of
its power at the surface resulting in mismatch. For this reason, we use another layer of substrate
(also known as a radome) that will help isolate the arm and the integrated antenna. The setup is
shown in Figure 3-13

(b)

(c)

(a)
Figure 3-13: (a) Top view with Dx = 9mm (b) 3D view (c) Case 4: Stack-up (Front view)

From Figure 3-16, we can interpret that the
resonance has shifted to the lower
frequency from 2.424GHz to 2.4030GHz.
This difference (21MHz) is less when
compared to the difference (95MHz)
caused in Case2. This is due to the change
in effective permittivity, which is less in

Figure 3-14: 3D Gain pattern in dB
(Case 4-Model 1)

this case when compared to Case2.
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Case 4: Radome

Figure 3-15: Return Loss in dB for Case 4, Model 1

Case 4: Radome
Case 1: Air gap between
the antenna and the AMC

Case 3: Re-tuning Case 2

Figure 3-16: Comparison of Return Loss in dB for Case 1-4, Model 1
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(a)

(b)

Figure 3-17: Case 4: Gain in (a) Elevation plane (b) Azimuth plane
Case 5: In this case the antenna is matched again by changing Dx and keeping the rest of the
parameters as is. The return loss achieved in this case is -33.9dB

Case 5: Re-tuning Case 4

Figure 3-18: Return Loss in dB for Case 5, Model 1
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Figure 3-19: Comparison of Return Loss in dB for Case 1-5, Model 1 (Zoomed in)

(a)

(b)

Figure 3-20: Case 5: Gain in (a) Elevation plane (b) Azimuth plane
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Figure 3-21: 3D Gain pattern in dB
(Case 5-Model 1)

Before moving to setup the integrated antenna used in Case 5, on arm, let us compare gain of
antenna on its own, antenna with complete ground plane and the Integrated antenna designed in
Case 5. Figure 3-22 and Figure 3-23 explains the radiation patterns in the E and H plane
respectively. The results clearly shows that the back radiation is less when the antenna is placed
over a metal conductor when compared to using the antenna on its own. The drawback is that due
to the phase reversal of the ground plane, the radiation at the back is completely cut off also
reducing the front gain, giving rise to destructive interference. Placing the antenna over the AMC
layer not only reduced the back radiation but also enhanced the broadside radiation, giving a FB
ratio of 18.6 with an efficiency of 80%. In comparison, the front to back ratio is 1.027 and 5.88 of
antenna alone and antenna over a conducting metal respectively. This is the reason the antenna
with the AMC layer was chosen over the electric conductor, and also as we wanted almost zero
reflection at the back to avoid unnecessary fluctuations when monitoring blood glucose.
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Figure 3-22: (Model-1): Gain in the E plane for Antenna alone, Antenna over PEC plane and
Antenna over AMC

Figure 3-23: (Model-1): Gain in the H plane for Antenna alone, Antenna over PEC plane and
Antenna over AMC
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3.1.3. On Square Arm model: Case 6-7

Case 6: In this case we will be testing the integrated antennas on arm model that takes shape of a
cuboid to be able to simulate the integrated antenna on a flat surface. The setup and the model
specifications are shown in Figure 3-24 and Table 3-1.

Figure 3-24: Integrated Antenna on Arm (Flat model) Case 6 and 7

Table 3-1: Dimensions and Electrical Properties of arm model at 2.45GHz [80]–[82]
65

Figure 3-25: Return Loss in dB for Case 6, Model 1

Figure 3-26: Comparison of Return Loss in dB for Case 1-6, Model 1 (Zoomed in)

The analysis shows that the frequency has shifted with a drop in return loss as well. The reason is
because the body is lossy and conductive in nature. Once the antenna is placed on the arm the
substrate causes the gap between the antenna trace and the arm causing it to be capacitive.
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Capacitive, because the trace and the arm are conducting in nature. As the return loss has dropped
tremendously. Let us tune the antenna in case7.
Case 7: In this case we will be retuning the integrated antenna simulated in case 6. Since the return
loss achieved in case is very low and the integrated antenna resonates below the selected frequency
band, the setup is tuned by varying the sized of the AMC and the position of the antenna over the
AMC. From Figure 3-1 and Figure 3-2, the only dimensions that have changed are L=70mm and
Dx = 8mm. The rest of the dimensions remain the same.

Figure 3-27: Return Loss in dB for Case 7, Model 1

E Field overlay has been shown in Figure 3-28, denoting that there is very less back radiation and
most of the power is absorbed by the muscle (1/5th to 1/3rd of the power). From this result we can
conclude that, there is E-field penetration in to the muscle. Since muscle has permittivity and
conductivity very close to that of the blood (Table 3-1), and since blood is also contained in the
muscle, antenna will respond to changes in the blood. In fact, the conductivity of blood being the
highest it is most likely to absorb most of the power.
67

Muscle

Muscle

Figure 3-28: E Field overlay in YZ plane and XZ plane (Integrated antenna over cuboid arm)
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Figure 3-29: Comparison of Return Loss in dB for Case 1-7, Model 1 (Zoomed in)
3.1.4. Bending Effects on Arm
We already looked in to the antenna’s
response over the arm. In reality, since the
arm’s structure is not cuboid in shape, the
antenna will be deformed to take the arm’s
shape. One of the major challenge is that
restrict the antenna from being sensitive to
bending. In order to observe the changes
from flat surface to bend surface, the
cuboidal arm model that was shown earlier

Figure 3-30: Bending analysis for Rectangular
patch AMC.

is now modeled for a cylindrical shape, with the thickness of each layer same as in Figure 3-24.
The return losses were compared between the flat arm and the cylindrical arm and we observe
from Figure 3-30 that the bend had very minimal effect on return loss and no effect on resonance.
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Muscle

Muscle

Figure 3-31: E Field overlay in YZ plane and XZ plane (Integrated antenna over cylindrical arm)
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Now that we saw the step by step analysis of antenna with the rectangular patch AMC. Let us look
at other AMCs. Placing the substrate between the AMC and the antenna and including the radome
has made the design more compact that can be easily tested without placing an insulation between
the arm and the antenna. Before placing the integrated antenna on arm, it has an enhanced free
space gain just like the antenna did with the rectangular patch. Therefore the results discussed in
this section is free space gain and on arm analysis.

3.2. Rectangular Ring (AMC2)
Free Space:

L

60mm

W

48mm

R 13.5mm
gap

0.5mm

Figure 3-32: Dimension of the Rectangular ring 2x2 AMC
An array of unit cell shows a reflection phase as that of a unit cell. The antenna (dimensions same
as shown in Figure 3-1) on the rectangular ring 2x2 array is analyzed in the same way as that the
rectangular patch. The important results that needs to be discussed are the gain of free space
integrated antenna and on arm analysis. The difference between the Rectangular ring AMC and
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the Rectangular patch AMC is the size. The dimensions in the E field direction is smaller and
wider in the y direction which makes it small and ease to wrap around the arm.
𝐃𝐱 = 𝟓𝐦𝐦

(b)

(c)

(a)
Figure 3-33: (a) Top view with Dx = 5mm (b) 3D view (c) Stack-up (Front view)

(a)

(b)

Figure 3-34: Radiation patterns for Rectangular ring AMC (a) Elevation Plane (b) Azimuth Plane
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On arm and Bend Analysis:

Figure 3-35: Comparison of return loss of flat
and bend version of AMC Ring with antenna
When the integrated antenna was placed on arm model, the results were observed on both flat and
curved arm model. Hence the bend analysis is view simultaneously by flexing the antenna on
curved model. Bending the integrated antenna did affect the resonant frequency and the return loss,
but not a drastic change. The change due to the bend has to be considered because it may affect
real time measurements.
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3.3. I-shaped (AMC3)
Free Space:
Similar to the analysis done for Rectangular ring AMC, I-shaped AMC was tested too for radiation
patterns in free space. I shaped is the smallest of all the AMC designed in this thesis. The Jerusalem
Cross AMC was not fabricated for its property of its size and dual band resonance, when the
antenna was placed over the AMC. I-Shaped reduces the Jerusalem cross by almost half of its size.

Li1

7mm

Wi1

5mm

Li2

9mm

Wi2 14.5mm

Dx = 2mm

L

51mm

W

30mm

gap

0.5mm

(b)

(c)

(a)
Figure 3-36: Dimension of the I-Shaped 2x2 AMC and (a) Top view with Dx = 2mm (b) 3D view
(c) Stack-up (Front view)
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(a)

(b)

Figure 3-37: Radiation patterns for Antenna with I-shaped AMC (a) Elevation Plane (b) Azimuth
Plane
On arm and Bend Analysis:
When the integrated antenna was placed on
arm model, the results were observed on
both flat and curved arm model. Hence the
bend analysis is viewed by simultaneously
flexing the antenna on curved model.
Bending the integrated antenna did affect
the resonant frequency and the return loss,
but not a drastic change is seen. The

Figure 3-38: Bending analysis for I-shaped AMC

change due to the bend has to be
considered because it may affect real time measurements. In Figure 3-38, the bend analysis is
shown for version1 (𝐿𝑖1 =7mm) and version 2 (𝐿𝑖1 =8mm).
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3.4. Input power and SAR

Since the antenna’s power is completely focused on the body, SAR is one of the factor we
definitely cannot ignore. Let’s discuss the factors affecting the SAR. From Eq. (1.6) we interpret
that the SAR is directly proportional to the power that is the magnitude of electric field squared.
The ratio of Conductivity and mass density of the material 𝜎/𝜌 ; remains constant for the material
used. More the conductance, more will the power be absorbed by the material. For example, the
peak SAR for different power input is given in Table 3-2 for the integrated antenna with
rectangular patch AMC. As the input power to the antenna is reduced, the peak SAR reduces for
every tissue. The default input power in HFSS is 1W or 30dBm. From Table 3-2 it is observed that
input of 10mW or 10dBm will be safe to operate on arm as shown in Table 1-3. Therefore SAR
can be controlled by the input power given to the antenna

Layer
Input power

Skin

Fat

Muscle

Bone

1W

73.90

59.90

23.2

2.56

0.1W

7.390

5.990

2.32

0.256

0.01W

0.739

0.599

0.232

0.0256

0.001W

0.0739

0.0599

0.0232

0.00256

Table 3-2: Peak SAR values over 1g of tissue at different input power levels in W/kg
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4. Fabrication, Experimental validation and Comparison
with Simulated Results
The simulated antennas and the AMC were fabricated and tested in Dr. Venkataraman’s research
group in the ETA lab at RIT. First all the antennas were tested in free space, and the return loss
was recorded. The next step is to fix the antenna with the radome and the substrate in place, and
finally place that setup on the arm to check the return loss when different AMC layers are placed
over the antenna. The antennas discussed in this thesis were fabricated in Rogers RT/duroid
5880™ with the dielectric permittivity, 𝜖𝑟 = 2.2 and tan(𝛿) = 0.0009, with a thickness, h = 31 mils
(or 0.7874 mm). Additionally half ounce copper is used (thickness of 18𝜇m).

Top view

Bottom View

ANTENNA 1

Top view

Bottom View

ANTENNA 2
(a)
(b)
Figure 4-1: (a) Antennas Fabricated (b) comparison of simulated and measured return loss
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Return loss was tested using the Agilent E8363B PNA series network analyzer (10MHz-40GHz).
The return loss for the antenna shown in Figure 4-1 is the antenna tested in free space. For antenna
1, the resonance has shifted to the right, resonating at a higher frequency than the simulated results.
The most common reason for the frequency shift can be due to the fabrication losses, cable losses
and the environment it has been tested at. The change in frequency is about 400MHz, whereas the
frequency change for antenna 2 is about 700MHz which has shifted more when compared to
antenna 1. For antenna 2, when AMCs were used as a ground plane, good resonance was not
attained as it was getting difficult to attain the spot where maximum coupling occurs by moving
the dimension 𝐷𝑥 along the antenna as discussed earlier. For this reason all the AMC layers were
test on Antenna1
Antenna’s top
view, with radome

(a)

Antenna’s bottom
view, with substrate

(b)

(c)
Figure 4-2: (a) I shaped AMC (b) Antenna with radome on the top and substrate below it (c)
Measured and simulated return loss
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Once the monopole antennas were tested, they we covered with a radome on the antenna trace side
and a substrate on the antenna ground side. As you can see in Figure 4-2 (b), the antenna 1 from
Figure 4-1, has been covered with the same material substrate without the copper cladding on both
the sides of the antenna. The antenna was then placed on the arm with radome touching the skin.
I-shaped AMC layer (Figure 4-2 (a)) was then placed over the antenna with the normal of the
ground plane away from the antenna. This I-shaped AMC was fabricated with 2 dimension, one
with 𝐿𝑖1 = 7mm and other with 𝐿𝑖1 = 8mm. The one shown in Figure 4-2 is for the dimensions 𝐿𝑖1
= 8mm, because the measured return loss resonates as the frequency band of our interest (2.42.5GHz). The same antenna setup (radome and the substrate) used on other AMCs.

Antenna’s top
view, with radome

(a)

Antenna’s bottom
view, with substrate

(b)

(c)
Figure 4-3: (a) Rectangular patch AMC (b) Antenna with radome on the top and substrate below
it (c) Measured and simulated return loss
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For rectangualar patch AMC shown in Figure 4-3, when placed over the antenna which is placed
over the arm, the return loss has been better compared to the simulated results. However the 10 dB
bandwidth, is beyond the frequency band (2.4-2.5GHz).
Ring AMC is the next AMC that was tested, with the same setup as that of the Rectangular patch
AMC and I-shaped AMC. Maximum coupling occurs when the antenna is placed at the center of
the AMC. Here is when the dimension 𝐷𝑥 comes into play. Since the distance like to 2mm and
1mm is very difficult to attain, the AMC is moved along the x axis over the antenna to attain the
resonance. The return loss for the rectangular ring shown in Figure 4-4, fits exactly in the 10db
band of (2.4-2.5GHz) with the resonant frequency of 2.43GHz.
Antenna’s bottom
Antenna’s top
view, with radome view, with substrate

(a)

(b)

(c)
Figure 4-4: (a) Rectangular ring AMC (b) Antenna with radome on the top and substrate below it
(c) Measured and simulated return loss
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Now the next step is to select one particular AMC and antenna and test for whether the antennas
actually responds to the changes in blood glucose in the body. I-shaped AMC is the smallest of all
the AMC that we used. For this reason, it was picked to be tested for the continuous blood glucose
measurement.

4.1. Glucose Monitoring Test Procedure
The primary purpose of this thesis is to overcome the challenges that were seen in the previously
designed antenna. One of which was back radiation which was caused by the omnidirectional
property of the antenna, which had the radiation both going into the and away from the arm (back
radiation). In order to prove that this thesis has proposed antenna designed that gets rid of the back
radiation, both previously designed antenna and the proposed antenna with AMC layers were
subjected to arm movements and were also tested by placing the other free hand over the setup.
Also, to cover all the requirements, the proposed antenna was also tested for creeping waves when
the antenna was placed over the arm. Once all the antennas were tested, and compared with the
simulated results, continuous glucose measurements were carried out. Since the I-shaped AMC is
the smallest in size, it was chosen to be tested on a non-diabetic subject. Portable network analyzer
was used in the test was Keysight Field fox Microwave Analyzer N9952A 50GHz. The input
power to the antenna was -10dBm.
Step 1:

Calibration of the cable to attain 00 phase at the end of the cable.

Step 2:

Place the antenna on arm. To keep the antenna in place cable was taped on the arm.

Step 3:

Place the AMC over the antenna and position to see the return loss at the required
frequency and fix the AMC in place, again by taping it on the arm (see Figure 4-5, a)
The setup is now ready to be tested.

81

Step 4:

The resonant frequency was recorded using the Network Analyzer Program which
tracks the results after any number of seconds we wish to see the output.

Step 5:

Export the data and smoothen the curve using MATLAB to see a clear trend in the
resonant shift with respect to time.

Step 6:

Compare the proposed antenna with I-shaped AMC layer and the previously designed
antenna with arm movement

Step 7:

Measure the proposed antenna with I-shaped AMC layer with no arm movement

Step 8:

Compare the effect of back radiation for both proposed antenna with Rectangular
patch AMC layer and the previously designed antenna.

4.2. Tracking the shift in Antenna’s resonant frequency with respect to time

In this setup, the AUT on arm was seen for a steady arm and the antenna’s frequency resonance
was recorded. The antenna with I-shaped AMC was used on arm to see the shift in antenna’s
resonant frequency with respect to time. The initial return loss was recorded as shown in (Figure45, b) which is resonating at 2.468GHz with a return loss of -62dB. The cable was calibrated for
the frequency band 1450MHz-3450MHz for 10001 number of points. This makes a resolution of
0.2MHz and the sweep time take by the network analyzer was 6.14secs. Therefore the frequency
shift was tracked every 6.2 secs. The measurements were taken just after dinner for 115 minutes
on Subject 1. As it is well known that food is broken down to soluble sugars in the process of
digestion, the only change in the body is the blood glucose level. The increasing trend in resonant
frequency change can be related to real time changing blood glucose. The insulin is our body fights
the rise the sugar level, in other words for a healthy non-diabetic subject the glucose must drop
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after sometime (approx. 45mins). This measurements lasted for about 115 minutes to see if at all
the antenna also tracks the drop in blood glucose. For this drop to happen it took around 80 minutes
(Figure4-5, d). Also the resonance frequency drops after its maximum at 2483MHz. This
experiment shows that the antenna responds to the change in glucose level in the body. A good
model is required that relates the antenna’s resonant frequency to the actual glucose level.

(a)

(b)

(c)

(d)

Figure 4-5: Tracking Antenna’s resonant frequency with steady arm on Subject 1 using proposed
antenna with I shaped AMC layer (a) On arm setup (b) Initial return loss of antenna on arm (c)
Shift of Antenna’s resonant frequecy with respect to time (d) Smooth curve for (c).
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4.3. Comparing the effect of Arm movement for previous and proposed antenna

In this setup, the AUT (antenna under test) on arm was subjected to movement and the antenna’s
frequency resonance was recorded. The shift in resonant frequency for previously designed
antenna was compared to the antenna with I-shaped AMC. The initial return loss was recorded for
proposed antenna, (see Figure 4-6, b) resonating at 2.468GHz with a return loss of -62dB. Whereas
the initial return loss recorded for previously designed antenna, (see Figure 4-7) resonates at
1.2GHz with a return loss of -51dB. The cable was calibrated for the frequency band 1GHz-3GHz
for 10001 number of points. This makes a resolution of 0.2MHz and the sweep time take by the
network analyzer was 6.14secs. Therefore the frequency shift was tracked every 6.2 secs. The
measurements were taken just after dinner for 70 minutes on Subject 2. Figure 4-6 (c) shows that
the resonant frequency of the proposed antenna shifts to higher frequency in small time intervals
resulting in a rising trend. Whereas for the previously designed antenna, the arm movement cause
the antenna’s resonant frequency to shift drastically causing sharp peaks in the graph (see Figure
4-7 (c)). Even if we ignore or remove the sharp change, the graph doesn’t show a rising trend ((see
Figure 4-7 (d)). Therefore when the previous antenna is subjected to movement is doesn’t track
the shift in resonant frequency quite well, which will later cause distortion in tracking the exact
glucose level in our body. It can also be concluded that the proposed antenna responds very well
to the movement in the arm overcoming the challenge seen in the previously designed antenna.
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(a)

(b)

(c)

(d)

Figure 4-6: Tracking Antenna’s resonant frequency with moving arm on Subject 2 using
proposed antenna with I shaped AMC layer (a) On arm setup (b) Initial return loss of antenna
on arm (c) Shift of Antenna’s resonant frequecy with respect to time (d) Smooth curve for (c).
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(a)

(b)

(c)

(d)
Figure 4-7: Tracking Antenna’s resonant
frequency with moving arm on Subject 2
using previously designed antenna. (a) On
arm setup (b) Initial return loss of antenna
on arm (c) Shift of Antenna’s resonant
frequecy with

respect to time (d)

Removing the sudden peaks in -(c) (e)
Smooth curve for (d).
(e)
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4.4. Comparing the effect of Back radiation for previous and proposed antenna

In this setup, the AUT (antenna under test) on arm was tested for back radiation and the antenna’s
frequency resonance was recorded. The effect of back radiation was tested using the other free arm
on the AUT to check if placing the arm effect the antenna’s resonant frequency. The effect of back
radiation was tested for previously designed antenna which was compared to the antenna with
Rectangular patch AMC. As shown in Figure 4-8, placing the hand over the proposed antenna with
Rectangular AMC does not affect the return loss, this proves that there is no back radiation for the
proposed antenna. Whereas the back radiation exist for the previously designed antenna, as the
return loss has shifted (Figure 4-8 (d)). This will lead to error in tracking the antenna’s resonant
frequency with respect to time when measuring for blood glucose.
Factors observed during the test:
1) Back radiation: Moving/waving the free arm very close to the antenna did not change the
return loss for proposed antenna with rectangular patch AMC. Whereas for the previously
designed antenna, the resonant frequency shifts causing inefficient results when testing for real
time shift in antenna’s resonant frequency. Hence we can conclude that the proposed antenna
was successful in getting rid of back radiation which existed in the previously designed
antenna.
2) Creeping waves: When the antenna is made to radiate into the arm, some amount of radiation
travels along the arm causing creeping wave. Creeping wave does occur in the proposed
antenna setup. The free hand was made to rest just besides the antenna to see if that affects the
results. Placing the hand next to the antenna did effect the return loss by a very small amount.
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(a)

(b)

(c)

(d)
(e)
Figure 4-8: Effect of Back radiation on Antenna’s resonant frequency (a) Placing the free hand
on AUT (b) & (d) Return loss for both the antennas in (c) & (e) for both free space and with
hand above the AUT
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5. Conclusion
Current design

Previous design

I-shaped AMC

Figure 5-1: Comparison of the antenna used in this thesis to previously fabricated antenna

Antennas with AMC as a ground plane has proven to be one of the most favorable and feasible
technique in getting rid of back radiation. Overall I-shaped AMC over the antenna is the smallest
of the all the AMCs discussed in this thesis. The integrated antenna has drastically dropped in size
when compared to the previously designed antenna (see Figure 5-1) Continuous glucose
measurement proves that the integrated antenna is sensitive to the changing properties of the blood.
The return loss of the antenna was tested for creeping waves, back radiation, continuous arm
movements when the antenna with the AMC layer was placed on arm. This thesis also discusses
the results when the antenna is made to bend. Since the substrate used for the antenna is flexible,
when placed on arm it will take the subjected to deformation. The results also show that bending
doesn’t change the return loss. Talking about the peak SAR, the output power to the antenna was
-15dBm which is well within the threshold limit listed in Table3-2, where we stated that maximum
power that can be given to the antenna is 10mW or 10dBm. We can also conclude that the antenna
responds to the changes in the blood glucose changes with a low input power.
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5.1. Future Work
1) Final bonding of the antenna and the AMC and collecting multiple data by testing on multiple
diabetic and non-diabetic patients for the antennas designed in this thesis. Once the antenna
and the AMC is well bonded, the tests can be carried out for rigorous arm movements to
check whether it affects the return loss
2) The creeping waves exists and can used as an advantage by designing multiple antennas
around the arm. If getting rid of the creeping wave is the only key, the antenna can be
wrapped around a tight lossy material to keep the antenna in place and also prevent the
creeping wave to travel along the arm.
3) Develop a better understanding of what causes the permittivity of blood to change with a
changing blood glucose concentration and develop a feedback loop. Naturally, in nondiabetic patients, the human body has a feedback system that balances glucose levels with
insulin. Adding a feedback loop and better understanding the changes in glucose levels could
build a better circuit model.
4) The equations for equivalent circuits if the unit cells above were performed in the analysis
mode. It will be good if a model is derived for the synthesis mode. For a known or required
resonant frequency, the ground inductance (𝐿𝑑 ) will remain constant for a given height of
dielectric material that will be used. Assuming an impedance 𝑍0 value for the grid
inductance (𝐿𝑔 ), the width and length for the grid inductance can be calculated. Using the
effective inductance the effective grid capacitance (𝐶𝑔 ), can be found. This will be a good
design approach for unit cell when you want to design it for a given frequency and not the
other way round that is used in this thesis.
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Appendix A
Unit cell HFSS simulation
An overview of simulating a unit cell is given below. Before boundaries are assigned, a unit cell
with required dimensions is drawn. The unit cell used is I shaped, discussed in the thesis, with the
trace at the top of the substrate with complete ground plane at the bottom. The metal traces have a
thickness of 18𝜇m and a substrate height of 31mils. Copper was assigned to the metal traces and
the Substrate used was Rogers Duroid 5880™ which has a permittivity of 2.2 and tan𝛿 of 0.009.
Once we have the layout set, the total height of the cell is now (31mils+18𝜇m*2).

Step 1
Draw a box around the unit cell which shares the dimensions of the
unit cell and the position of the ground plane. The only difference is
the height of the box, which has an additional height in the Z direction
of operating free space wavelength. Therefore the total height of the
box is now (31mils+18𝜇m*2+wavelength)
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𝜆0

Step 2
Next step is assigning boundary to the box. Select the faces of the box shown right click as
assign the faces as Perfect E boundary and Perfect H boundary. Assigning boundaries may vary
with respect to the wave that will impinge on the surface.

Step 3
Assigning wave port. Select the top face of the air box, right click and the select assign boundaries
and then select waveport. As show in the figure, the port will ask you to assign the integration line.
This line is drawn in the direction of the E field on the top face of the box shown.
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Now click next and in Post
Processing, check the Deembed
box and assign a distance of the
operating free space wavelength.
The reason for assigning the height
of the box above the stackup as 𝜆0
is because the wave that will
incident on the surface will not be out of phase.
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